An icosahedral quasicrystal (i-phase) and its 1/1 crystal approximant (1/1-phase) have been found to form in Al-Pd-Sc system. The formation areas of the i-phase and the 1/1-phase are limited to very small areas around the compositions of Al 54 Pd 30 Sc 16 and Al 56 Pd 29 Sc 15 , respectively. The valence electrons per atom ratio (e/a ratio) is calculated to be 2.10 for the i-phase of Al 54 Pd 30 Sc 16 . The 16 at% Sc concentration and e=a ¼ 2:10, as well as the intensity profile of the measured X-ray diffraction spectrum, indicate that this i-phase can be classified into the Tsai-type: the Tsai-type i-phases found so far commonly contain an element having relatively large atomic size with 15-16 at% and have e/a within the range 2.0-2.15. The formation of the i-phase has also been found in a series of quaternary Al-Pd-Cu-Sc alloys with different compositions keeping 16 at%Sc and e=a ¼ 2:10. This supports the fact that the two conditions are crucially important in the formation of this type of i-phase.
Introduction
Since the discovery of an icosahedral quasicrystalline phase (i-phase) in a rapidly quenched Al-Mn alloy in 1984, 1) much effort has been devoted to searching for the new alloy systems in which the i-phases are formed. As a result, the i-phases have so far been found to form in more than 70 different alloy systems, including about 40 systems, in which thermodynamically stable i-phases are formed.
Structural studies of the i-phases have shown that they generally consist of quasiperiodic arrangement of an atomic cluster with icosahedral symmetry, where the type of the cluster differs depending on the alloy systems. In most cases, such an atomic cluster is identical to the cluster found in the corresponding crystal approximant phases in the same alloy system. There are three types of clusters known so far: [2] [3] [4] [5] Mackay-type, Bergman-type and Tsai-type. The i-phases found so far can be classified into the three groups in terms of the cluster type. Many Al-based i-phases including Al-CuFe 6) and Al-Pd-Mn 7) belong to the Mackay-type whereas Al-Li-Cu, 8) Zn-Mg-Ga 9) and Zn-Mg-RE (RE: rare earth metals) 10) belong to the Bergman-type. The i-phases of the Tsai-type include Cd-based, 11, 12) Ag-In based, 13) Znbased [14] [15] [16] and Cu-based 17, 18) systems. It is experimentally established that the following factors are important in the formation of i-phases. One is the valence electrons per atom ratio (e/a). The stable i-phases found so far are generally formed in the compositions with specific e/ a values, i.e., e=a % 1:75 for the Mackay-type, e=a % 2:10 for the Bergman-type and e=a ¼ 2:0{2:15 for the Tsaitype. 10, 17, 19) Another important factor is an atomic size factor. With regard to the Tsai-type i-phases, the ratio of the atomic radius of the large element to that of the other base elements is in the range 1.1-1.25 and the concentration of the large element is 15-16 at%. 18, 20) In this paper, we report the discovery of a new alloy system forming a Tsai-type i-phase and its 1/1 crystal approximant phase; we have found them in the ternary Al-Pd-Sc system. This i-phase satisfies well the formation conditions established for the Tsai-type i-phases. The importance of such formation conditions have further been demonstrated by the formations of the i-phases in a series of quaternary Al-Pd-CuSc alloys.
Experimental Procedures
Ternary Al-Pd-Sc alloys and quaternary Al-Pd-Cu-Sc alloys with various compositions were prepared from elemental constituents with purity better than 99.9 mass% by arc-melting under an argon atmosphere. Samples were crushed and powdered, and X-ray diffraction measurements were done using a rotating anode X-ray generator (CuK, 40 kV, 200 mA) with a graphite monochromator. Electron diffraction experiments were performed at an acceleration voltage of 200 kV. Differential scanning calorimetry (DSC) measurements were carried out in the temperature range from room temperature to 1473 K under an argon atmosphere with a heating rate of 10 K/min. is adopted. The quasilattice constant a q 21) has been determined from the (221001) peak to be 0.507 nm. The Bravais lattice is of the P-type. The peaks of (222001) and (311111) are clearly seen, indicating that this i-phase is either of the Bergman-type or of the Tsai-type. Weak extra peaks are observed in Fig. 1 , which agree with those of the 1/1 crystal approximant phase. The diffraction peaks in the spectrum of Fig. 1 (b) could exclusively be indexed as a body-centered cubic phase with the lattice parameter of 1.394 nm satisfying the extinction condition of h þ k þ l ¼ odd, which can be regarded as a 1/1 crystal approximant phase. In the twofold pattern of Fig. 2(c) , we can see a 3 -scaling (: the golden mean) along the fivefold direction, characteristic of the P-type icosahedral Bravais lattice.
Results and Discussion
21) It should be noted that the positions of the diffractions spots in the three patterns slightly deviate from the ideal positions; for example, we can detect a zig-zag alignment of the spots along the direction indicated by arrows in (b). This feature is attributable to the introduction of phason strain. Figure 3 shows the formation areas of the icosahedral phase and its 1/1 approximant phase in the Al-Pd-Sc system. The compositions studied in this work are indicated by dots. 15 , which are very close to the i-phase composition. We notice that the formation area of the i-phase is extremely small; even in the samples with the compositions different from Al 54 Pd 30 Sc 16 only by 0.5 at%, we could detect only a small amount of i-phase by X-ray diffraction. To investigate the stability of the i-phase, we made annealing tests for the iphase sample of Al 54 Pd 30 Sc 16 . The i-phase remained unchanged by the annealing at 873 K for 100 h while it mostly transformed to crystalline phase(s) by the annealing at temperatures higher than 1023 K. These facts indicate that the i-phase is stable only at low temperatures. However, a differential scanning calorimetry measurement for the Al 54 Pd 30 Sc 16 i-phase showed that it transforms to other phase(s) via an exothermic reaction at 1098 K, suggesting that this phase is metastable even at low temperatures. Further experiments are needed to make clear the stability of the i-phase.
As mentioned above, the intensity profile of the X-ray diffraction spectrum indicates that the i-phase of Al In general, the Hume-Rothery mechanism is considered to play an important role in the stability of i-phases; the stable i-phases found so far are formed in the compositions with Another factor that has been claimed to be important in the formation of the Tsai-type i-phases is the atomic radius ratio t ¼ r C =r A,B , where r C is the atomic radius of the 15-16 at% element and r A,B is the weighted-average of atomic radius of the other two elements. 18, 20) The t values for the Tsai-type i-phases found so far range t ¼ 1:1{1:25. Using the atomic radius values in Ref. 24 16 . The e/a values of them are all 2.10, assuming that the valences for Al, Pd, Cu and Sc are +3, +0, +1 and +3, respectively. Figures 4(a)-(d) show X-ray diffraction spectra for the Al-Pd-Cu-Sc alloys, where we can see that single-iphases are successfully obtained. This result again supports the fact that 16 at%Sc and e=a ¼ 2:10 are crucially important in the formation of the Tsai-type i-phases. On the other hand, we also prepared the alloys of Al 54 (Pd 1Àx Cu x ) 30 Sc 16 x ¼ 5{20 and those of Al 38 (Pd x Cu 1Àx ) 46 Sc 16 x ¼ 5{15 in both of which the e/a value deviates from 2.10. In the former series, the 1/1 approximant phase was obtained as the major phase while in the latter neither 1/1-phase nor i-phase could be obtained.
Conclusions
An icosahedral quasicrystal (i-phase) and its 1/1 crystal approximant (1/1-phase) have been found to form in Al-PdSc system. The formation areas of the i-phase and the 1/1-phase are limited to very small areas around the compositions of Al 54 Pd 30 Sc 16 and Al 56 Pd 29 Sc 15 , respectively. The valence electrons per atom ratio (e/a ratio) is calculated to be 2.10 for the i-phase of Al 54 Pd 30 Sc 16 . X-ray diffraction and electron diffraction experiments have shown that this i-phase has the P-type Bravais lattice with the quasilattice constant of 0.507 nm. The 16 at% Sc concentration and e=a ¼ 2:10, as well as the intensity profile of the measured X-ray diffraction spectrum, indicate that this i-phase can be classified into the Tsai-type. The atomic radius ratio t ¼ r Sc =r Al,Pd is calculated to be 1.16 for the Al 54 Pd 30 Sc 16 i-phase, which is also within the range of the values reported for other Tsai-type i-phases. The formation of the i-phase has also been found in a series of quaternary Al-Pd-Cu-Sc alloys with different compositions keeping 16 at%Sc and e=a ¼ 2:10. This supports the fact that the two conditions are crucially important in the formation of this type of i-phase. 
